In laser-produced plasmas there are several effects which will scatter a longitudinally probing relativistic electron beam. In vacuum, the laser itself will ponderomotively defocus the electron beam, while in plasma the ponderomotive force can dig an ion channel which would focus the electron beam. In the cases of plasma wave excitation via the beat-wave or wake-field mechanisms, the thermalization of the electron distribution function can lead to large scale magnetic fields via the Weibel instability. One way of studying such phenomena is to time resolve the transverse current distribution of the electron beam after it exits the plasma. A wire mesh has insufficient time resolution for this purpose, so we instead use a mesh of optical fibers. When the electron beam strikes the fiber mesh, Cherenkov radiation is generated within whichever fibers have current running across them. The Cherenkov radiation from all the fibers can then be analyzed on a streak camera. This allows the reconstruction of j (x,y,t) where j is the current density. We have successfully implemented this technique in the study of beat-excited laser plasmas. © 1997 American Institute of Physics. ͓S0034-6748͑97͒52901-7͔
I. INTRODUCTION
The angular distribution of a relativistic electron beam probing a laser plasma has been time resolved using a novel Cherenkov probe. This probe consists of a two-dimensional mesh of optical fibers which are brought together in a linear array and imaged onto the photocathode of a streak camera. Since the Cherenkov signal in each fiber is proportional to the current running across it, streaking each fiber gives I(t) at a particular x or y. By placing the probe some suitable distance from the interaction region, the angular distribution of the emerging particles can be deduced as a function of time.
The details of the probe design have already been presented in a previous article, 1 so here we focus on data obtained with the probe. In particular, the interaction between a high-power laser and a relativistic electron beam copropagating in vacuum is examined in detail. Also, we preview some data regarding the interaction between a beat-excited laser plasma and a relativistic electron beam. Figure 1 shows a schematic of the experimental setup, in which a 0.3 TW CO 2 laser with the ability to run simultaneously on two lines is copropagated with a 2 MeV electron beam. The two beams are simultaneously focused into a static fill of hydrogen gas where a fully ionized plasma is formed in the focal volume via tunneling ionization. If the laser is run on two frequencies, a large amplitude plasma wave is driven via the beatwave mechanism.
II. EXPERIMENTAL SETUP
2 Also shown in Fig. 1 are the time scales associated with the experiment. As indicated, the electrons arrive in 10 ps microbunches at the rate of 9 GHz. The electron macropulse lasts approximately 1.5 ns. The plasma wave duration of 100 ps is known from Thomson scattering measurements.
3 The laser pulse shape has been measured by mixing the infrared radiation with a red beam in a nonlinear crystal and streaking the sum wave.
We would like to time resolve the angular distribution of the 2 MeV electrons as they emerge from the interaction region. If not for the presence of the laser, this could be accomplished simply by placing the Cherenkov probe far enough from the interaction region to correlate the various electron trajectories with definite transverse positions. Because of the threat of optical damage, however, the electrons must be steered away from the laser before any measurement can be taken. The electron optics used for this purpose are depicted in Fig. 2 . The solenoid lens collimates the electrons to keep the electron spot from becoming too large at the probe. The square dipole magnet deflects the electrons away from the laser. Reference 1 discusses the electron optics in detail.
Figure 2 also emphasizes that we choose to measure deflections along a deliberately chosen set of axes. In particular, the solenoid rotates the electron image onto the probe in such a way that one of the probe axes lines up with the polarization vector of the laser. We call the direction of the laser electric field the x direction, and the direction of the laser magnetic field the y direction.
III. VACUUM INTERACTIONS
The ponderomotive force of the laser itself will exert a significant influence on the electron beam. Since the ponderomotive force always pushes away from the laser focus, the focal volume of the laser can be thought of as a diverging electron lens. The extent of the defocusing can be estimated as follows. The ponderomotive potential at the laser focus given a focused intensity of 10 14 W/cm 2 is
Suppose that an initially on-axis electron acquires all this energy, and that its longitudinal momentum does not change as a result of the interaction. In this case, we know both the total and longitudinal momenta after the interaction,
where E in ϭ2.500 MeV and E out ϭ2.501 MeV ͑3͒
which includes the rest energy. The radial momentum can be computed as follows:
This corresponds to a maximum deflection angle of 30 mrad which exceeds the natural divergence angle of the electron beam in our experiment. A typical measurement of the vacuum effect is shown in Fig. 3 , which consists of two raw images taken off the streak camera. Also shown is a measurement of the laser pulse shape from a different shot. The temporal axes of the three sets of data do not necessarily coincide. The first streak image is a reference shot on which the laser was not fired. The second streak image is a shot in which the laser and electrons were simultaneously focused in vacuum. The pixel intensity is a measurement of angular current density ͑mA/mrad͒, the horizontal axis is time, and the vertical axes are the two transverse deflection angles. The electron microbunches appear as a horizontal modulation, while the individual fibers appear as a vertical modulation. The duty cycle of both modulations appears artificially high because of the finite size of the fiber image on the streak camera. In particular, the electron microbunches are in reality less than 10 ps long, while the angular acceptance of an individual fiber is actually about 2 mrad.
The data show that during the main laser pulse the electron beam emerges from the interaction region with an increased divergence angle, while during the smaller second pulse the divergence angle is diminished. In both cases the deflection is asymmetric. The asymmetry occurs only because the electrons are not perfectly aligned with the laser from shot to shot. The apparent focusing during the small laser pulse can be understood by realizing that the negative lens set up by the laser starts deflecting the electron beam upstream of the electron focus. This means that a weak lens will delay the electron focus and decrease the divergence angle. On the other hand, a sufficiently strong lens will create a virtual focus behind the electron beam and increase the divergence angle.
That the vacuum data are consistent with theory can be checked via simulation. For this purpose we use a 3D single particle code in which a large number of electrons are pushed through a Gaussian laser beam described by
͑6͒
Here w 0 is the spot size at best focus, z 0 is the Rayleigh length, and w is the spot size at a given z.
In the first simulation, we model the interaction between the electrons and the main laser pulse. The main laser pulse is taken to carry 300 GW of power and is focused to a 250 m full width at half-maximum spot. The electrons are given a rms divergence angle of 15 mrad, but no emittance. They are focused exactly at the laser focus. Using these parameters, it was found that the rms divergence angle far beyond the laser focus is about 20 mrad.
In the second simulation, we model the interaction between the electrons and the second laser pulse. This is done exactly as before except the power is reduced to 75 GW. In this case, the rms divergence angle far beyond the laser focus is about 10 mrad.
These two simulations show that the behavior depicted in Fig. 3 is qualitatively reasonable. Attempting a more quantitative comparison would not be useful because of the limited angular resolution of the probe, and the fact that certain experimental parameters are not precisely known from shot to shot.
IV. PLASMA INTERACTIONS
When a large amplitude plasma wave is driven in the focal volume of the laser, we find experimentally that the probing electrons are drastically scattered for an anomalously long period of time. An example of this phenomenon is shown in Fig. 4 . Comparison with Fig. 3 reveals that the beat-excited plasma scatters electrons more drastically and for a longer period of time than the laser alone. During the first 100 ps of scattering, the fields in the plasma are likely to be dominated by the plasma wave. Indeed, the radial ponderomotive force associated with the plasma wave is sufficient to explain the measured deflection angles. After 100 ps, however, the plasma wave is known to have broken up and some other motion must ensue to explain the behavior shown in Fig. 4 . We will address this issue in a future article.
V. CONCLUSIONS
We have time resolved the ponderomotive scattering of a relativistic electron beam by a high-power laser using a novel Cherenkov probe. Using the same probe, we have time resolved the angular distribution of a relativistic electron beam after interacting with a beat-excited laser plasma. Joshi, Nature ͑London͒ 368, 527 ͑1994͒.
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FIG. 4.
Interaction between probing electrons and beat-excited plasma. ͑a͒ Streak of Cherenkov probe fibers without firing the laser ͑reference shot͒. ͑b͒ Streak of Cherenkov probe fibers when two laser frequencies are focused into hydrogen such that a large amplitude plasma wave is driven.
